Noninvasive, real-time measurements of plasma parameters via optical emission spectroscopy J. Vac. Sci. Technol. A 31, 021303 (2013) Comparison endpoint study of process plasma and secondary electron beam exciter optical emission spectroscopy J. Vac. Sci. Technol. A 30, 061303 (2012) Electron beam excitation method to study gas phase during etch processes J. Vac. Sci. Technol. B 30, 041201 (2012) Correlation of plasma characteristics to etch rate and via sidewall angle in a deep reactive ion etch system using Langmuir probe and optical emission spectroscopy J. Vac. Sci. This article serves as a reference for the analysis of Fourier transform infrared spectroscopy data from processing plasmas. Until now, there has been a lack of accurate reference data for addressing the problems of species identification and density measurements in cases of increasing gas temperatures. Our results show that, while the integrated absorption cross-sections do not change significantly as temperature increases, the temperature of the absorbing species can be estimated from the rotational band maximum in most cases. Integrated absorption cross-sections for c-C 3 F 6 , C 4 F 8 , C 3 F 8 , C 2 F 6 , C 2 F 4 , and CF 4 are presented for all fundamental bands in the 650 cm À1 to 2000 cm À1 region. In addition, the binary combination bands up to 4000 cm À1 are presented for all species. The temperature of each species has been varied to correspond to neutral temperatures commonly found in processing plasmas.
I. INTRODUCTION
Fourier transform infrared spectroscopy (FTIR) has been widely used in chemistry research since the 1960s. 1 The efficiency of information gathering and the affordability of this diagnostic tool have allowed it to become the predominant method for obtaining infrared spectra of chemistries in all states of matter. More recently, in situ FTIR has begun to be used as a gas-phase diagnostic tool in studying plasma processes. 2, 3 This technique allows several advantages over optical emission measurements, laser induced fluorescence (LIF), and infrared laser absorption spectroscopy (LAS). 4 It is a nonintrusive technique and offers the advantage of broadband absorption, allowing the detection of multiple species simultaneously, including unanticipated species that might be present in the system. Such simultaneous detection of species, both anticipated and unanticipated, including higher mass species, is difficult with either LIF or LAS. However, with this technique it is difficult to accurately identify the source of unanticipated infrared absorption. This problem is exacerbated in Fourier transform IR spectroscopy because of the multitude of species (which often have overlapping absorption bands) present within plasmas. This dilemma has been approached through modeling with commercial programs such as SPARTANV C and GAUSSIANV C , 5 as well as through limited experimental measurements. Commercial modeling suffers from unknowns and approximations; however, experimental measurements often include insufficient temperature control of the radical being measured, problems associated with gas contamination, and instrumental variations.
While some researchers have addressed gas temperaturerelated absorption variations for atmospheric gases in the range of 198 to 273 K, 6, 7 very few papers examine temperatureinduced effects on the structure and absorption cross-sections of plasma processing gases, which often operate well above room temperature. The only currently used fluorocarbon that has been analyzed for temperature measurement is CF 4 . 8 Knowing how absorption spectra change with varying temperatures is particularly important when using FTIR as an in situ technique for accurately predicting the consumption of the parent feed gas and the steady-state densities of by-products present within the plasma. This is because of the gas temperature changes inherent in an excited system. A number of researchers, including the authors of this article, have used in situ FTIR to understand fluorocarbon plasmas over the past decade. [9] [10] [11] [12] [13] [14] However, due to the lack of literature available, there has been difficulty accurately identifying species within the absorption spectra, as well as translating absorption areas to absolute densities for those species already identified.
It is the purpose of this paper to provide reference data for use in understanding FTIR results from fluorocarbon plasmas. The use of infrared absorption both as a means of partial pressure measurement and gas temperature measurement will be discussed. A brief experimental setup and a discussion of theoretical gas temperature effects on infrared absorption will be given before providing relevant results and conclusions.
II. EXPERIMENTAL SETUP
Spectral data was taken by a Nicolet 870 Fourier-transform spectrometer. A globar source and a KBr beam splitter were used to measure a spectrum from 4000 cm À1 to 650 cm
À1
. A diagram of the FTIR bench and the chamber is supplied in Fig.  1 . The path length of the chamber (81.25 cm) was extended by installing a custom fit Gemini V R White cell. This allowed the path length to be varied from 3.25 ms (4 pass) to 19.5 ms (24 pass), providing the ability to observe bands with small crosssections at low pressures. The mirrors of the White cell were gold-plated in order to reduce IR losses on each reflection (<5%). The IR beam entered and exited the chamber through 4 mm KBr windows. An additional KBr window (6 mm) was installed on the FTIR bench. The signal was collected by a cryogenically cooled Mercury-cadmium-telluride (MCT-A) detector. Mirror velocity was set to 4.7468 cm/s and 64 scans were averaged at 0.125 cm À1 resolution. A Happ-Genzel apodization and a Mertz phase correction were applied to the final spectrum. a) Author to whom correspondence should be addressed; electronic mail:
goeckner@utdallas.edu Gases were purchased from a variety of sources. Specialty Gases of America supplied 99.9% pure octafluorocylobutane (C 4 F 8 ), perfluoropropane (C 3 F 8 ), and hexafluoropropylene (C 3 F 6 ). Matheson Tri-Gas provided 99.99% pure tetrafluoromethane (CF 4 ) and 99% pure tetrafluoroethylene (C 2 F 4 ). These gases were continuously flowed into a 100 L reactor chamber, which was pressure-controlled to 61 Â 10 À4 Torr by a MeiVac throttle valve through a feedback loop to a MKS 252 A exhaust valve controller. An Osaka Vacuum compound molecular pump provided a base pressure of 1 Â 10 À6 Torr. More information about the vacuum reactor design is included elsewhere. 15 Pressure variations across the chamber were minimized by ensuring that the diffusion time to the walls was much less than the residence time in the chamber. For the conditions considered, this ratio was maintained at a minimum of 25 by limiting the gas flow rate to 10 sccm. Finally, the pressure measurements were validated by comparing calculated cross-sections to those available in literature. Inside the 66 cm diameter cylindrical reactor, a 60 cm diameter temperature-controlled aluminum wall was used to vary the temperature from 25 C to 225 C. These walls were complemented by temperature-controlled floor and ceiling plates, located 2 cm from the vertical ports of the chamber. Temperature was measured using a combination of six K-type and T-type thermocouples controlled through an Omega CN616 multizone temperature controller. The accuracy of the local temperature measurements is within 1 C. However, due to the large wall area, local temperatures varied by up to 3 C. Prior to each experiment, the temperature was allowed to stabilize for 2 hs in order to avoid changes in temperature during the course of the experiment. The gas temperatures used for density calculations were taken by assuming a linear change in temperature from the inner wall (60 cm diameter) to the outer wall (66 cm diameter) of the chamber. The reported temperature is averaged across the infrared beam path, the majority of which (>80%) lies within the heated walls (see Fig. 1 ). Additionally, the outer walls equilibrated to the mean between the room temperature and the inner chamber temperature, further minimizing temperature variations across the system. The validity of the temperature measurement across the system can be verified by the fact that the integrated absorption cross-sections across measured gases do not change significantly (<5%) with temperature. Spectra were collected for each gas at temperatures of 25, 50, 100, 150, and 200 C.
III. DENSITY ESTIMATION FROM INFRARED ABSORBANCE
Absorption cross-sections were obtained from measured signal intensities according to Beer's Law, 16 AðkÞ ¼ Àln IðkÞ I 0 ðkÞ ¼ nlrðkÞ;
(1)
where r(k) is the absorption cross-section at wavelength k in cm 2 molecule
À1
, I 0 and I are incident and transmitted radiation, n is the concentration of the gas being measured in cm
À3
, and l is the path length of the sample in cm. The natural log definition of absorbance is used in convention with standards for gases. Beer's law predicts a linear relationship between the number of molecules in the path of the radiation and the absorbance. This holds true in all cases where the absorbers act independently from one another, the radiation is not significantly scattered by the absorbing medium, and there is neither optical pumping of the species being observed nor saturation of the impinging radiation. For all gases except CF 4 , the absorption was observed to increase linearly with pressure and path length, validating the relationship in Eq. (1) .
Once the absorption cross-section has been determined, species densities can be determined from the measured absorption spectra via Eq. (1). When calculating absolute densities using integrated absorbance cross-sections, it is important to consider error due to underlying absorption from other species. In order to reduce this error, the absorbance of multiple normal modes can be used. The standard deviation of the calculated densities for a species can reveal any unanticipated underlying absorption, allowing for increased accuracy in density measurements.
IV. TEMPERATURE ESTIMATION FROM INFRARED ABSORBANCE
A variety of methods have been used to estimate temperature from the intensity distribution in infrared vibrationalrotational bands. However, resolution limitations restrict some of these methods. The intersection of two branches shifts to higher rotational states as temperature increases. Although this method has been used to measure the temperature of carbon monoxide, 17 it is not useful for most band shapes. Another method uses the shape of the band profile to determine temperature. 18, 19 While this method is useful for interpreting the temperature from the absorption of isolated species, the simultaneous absorption of many gaseous species at identical or adjacent wavenumbers creates overlapping band structures, which are difficult to deconvolve.
The location of a branch maximum can also be used to estimate the gas rotational temperature. This method can provide an approximation even when the band structures are overlapping as long as the branch maxima are sufficiently separated to observe the shift with temperature. For the simplified case where a diatomic molecule is modeled as a rigid rotor, Eq. (3) describes how the number of molecules in a specific rotational state changes with temperature. Tables I, II , and III, respectively.
Setting the slope of this curve to zero leads to the rotational state with the maximum number of molecules J max . J max increases with the square root of temperature, as seen in Eq. (4) of Ref. 20 .
In these equations, T is the temperature of the species in Kelvin, h is Planck's constant, c is the speed of light, and B is the rotational constant. The wavenumber spacing of the rotational levels can be approximated by treating the vibration as a harmonic oscillator. Under this assumption, the wavenumber for a transition between rotational states J 0 and J 00 is described by Eq. (5) of Ref. 20 .
Here, t 0 is the frequency of the vibrational transition at 
Although the interaction between vibration and rotation can change this relationship, Eqs. (3)- (7) lead to a first order dependency, where the rotational state with the most molecules absorbs at a given frequency that shifts proportionally with the square root of temperature.
It is worth noting that this relationship can be complicated by a number of factors. Larger molecules can deviate from these formulations. Vibration and rotation can interact, such that the rotational states are not equally spaced. Secondly, in peaks without distinguishable P, Q, and R branches, it is possible to confuse the various branch maxima as temperature increases. Finally, the formation of hot bands in the vicinity of the branch maxima can alter the perceived location of the maxima. Despite these concerns, the experimental data presented below match the theoretical dependency within the limits of experimental error. We note that it is unreliable to extrapolate the empirical equations for temperature dependency presented here to higher temperature ranges due to the possible formation of hot bands and other distorting factors.
In addition, induced noise from infrared light emitted from the plasma add to the uncertainty of peak locations.
V. RESULTS AND DISCUSSION
Observing the combination of fluorocarbon species spectra and corresponding cross-sectional shifts with temperature is necessary for accurate identification of species, the detection of average gas temperatures, and the understanding of errors involved in using integrated cross-sections to produce absolute species densities. The results will be given in order of difficulty starting with the easiest species to isolate in fluorocarbon discharges. By isolating a spectral band of an individual species, the density and internal temperature of the species can be determined. After these values have been determined, the entire spectra for that species can be subtracted from the total spectra, allowing for further identification and isolation of other species. Only C 4 F 8 , C 3 F 8 , C 3 F 6 , C 2 F 6 , C 2 F 4 , and CF 4 will be considered in the following analysis, as these are the major (>1%) stable neutral species observed by the authors in fluorocarbon discharges. Figures  2 and 3 show the absorbance cross-sections of each species at wavelengths of 400 to 4000 cm À1 for gas temperatures of 25 and 200 C. These provide a fingerprint of most of the fundamentals, as well as binary combinations and overtones for species identification.
The fundamental band of hexafluoropropylene (C 3 F 6 ) shown in Fig. 4 at 1789 cm À1 is the easiest band to identify and isolate out of all the spectra examined. It is clearly isolated from fundamental absorption bands in other fluorocarbon spectra. The presence of this band is associated with the stretching of the carbon-carbon double bond. As seen in Figs. 2 and 3, the absorbance cross-section is approximately 200 times larger than that of any other fluorocarbon species in the spectral region. Visible fundamentals and their associated absorbance cross sections can be found in Table I .
The temperature associated with this main band of C 3 F 6 can be determined according to the empirical relationship:
Here, t max is the wavenumber of the band maxima in cm
À1
and T is the temperature in Kelvin. Absorption spectra were taken at 298, 332, 372, 422, and 474 K for fitting the rotational maximum. Calculating the standard deviation of the residual and adding the error due to the instrumental maximum resolution (0.125 cm
) yields a total minimum error of 610.4 K.
B. c-C 4 F 8
Octafluorocyclobutane, while unlikely to form as a byproduct from smaller monomer feed gases because of its cyclic structure, is a frequently used source gas for deposition processes. As can be seen in Fig. 5 , its infrared absorption is marked by a very strong rotational-vibrational band at 963 cm
À1
, a series of overlapping fundamentals in the 1100 to 1500 cm À1 region, and (as seen in Fig. 2 ) much weaker binary and ternary combinations throughout the spectrum. There has been some discussion in literature about the assignment of the fundamental bands, focusing on the identification of the puckering structure. The most recent of these papers 21 has identified the 1220 cm À1 band with weak The C-F deformation band centered near 963 cm À1 provides the easiest band to isolate from other fluorocarbon gases. The absorption of perfluorobutane (C 4 F 10 ) is the most significant problem in using this band for identification and measurement. A medium absorption band for perfluorobutane appears at 960 cm
. 24, 25 The band is similar in shape and shifted a mere 3 cm
, allowing for confusion in identification. However, while the absorbance cross-section of C 4 F 10 is significant at 9% of the C 4 F 8 cross-section, a strong band at 902 cm À1 can be used to identify and subtract C 4 F 10 from the spectrum. 25 . C 3 F 8 also absorbs IR at 1007 cm
, allowing the tail of this band to obscure the leading edge of the C 4 F 8 963 cm À1 band. The peak can be identified and subtracted by using the range around the peak maximum (965-950 cm À1 ) where the absorbance cross-section is more than three orders of magnitude larger than other fluorocarbon species. Other fundamentals and their associated assignments and integrated absorption cross-sections can be found in Table II .
The peak maximum of the C-F deformation band at 963 cm À1 can also be used for a rough temperature estimate. As seen in Fig. 5 , the rotational line with the maximum absorption shifts by 3 cm À1 . Again, applying a rough linear fit, the relationship can be modeled as:
Taking the standard deviation of the residual and adding the error from the instrumental resolution (0.125 cm
) gives a minimum error of 68.2 K. Multiple band heads and/or multiple points on the 960 cm À1 band can be used to decrease this error slightly.
C. C 3 F 8
Perfluoropropane has been used as an alternative source of fluorine for a variety of applications. 26 It is also a potential product from other fluorocarbon plasmas. The infrared spectrum includes strong absorption corresponding to C-F stretching at 1350, 1262, 1210, 1155, 1007, and 731 cm
À1
. Tabulated  in Table III , these bands, assignments, 27 and cross-sections, show good agreement with related literature. 25 As seen in Fig.  6 , the CF 3 asymmetric stretching at 1007 cm À1 is the easiest band to use for identification and temperature measurements in a fluorocarbon mixture. Both the 1037 cm À1 C 3 F 6 and 963 cm À1 C 4 F 8 bands previously mentioned have a small
FIG. 4. (Color online)
Absorbance cross-section of C 3 F 6 from 900 to 1700 cm À1 for 25 and 200 C gas temperatures, highlighting the C¼C stretch band. Capital letter band structure designations can be found in Table I . amount of overlapping absorbance. However, the absorbance bands of both of these species can be subtracted according to the methodology above. At the peak maximum, absorbance of C 3 F 8 is 50 times larger than either C 4 F 8 or C 3 F 6 , making it useful for both identification and temperature estimation. The wavenumber of the peak maximum is proportional to the square root of the temperature with a R 2 value of 0.9993. The empirical relationship can be described as:
Taking the sum of the standard deviation of the residual and the instrumental error leads to a minimum error of 68.1 K.
D. C 2 F 6
Hexafluoroethane (C 2 F 6 ) is commonly used as a source gas for etching a variety of oxides. 28 It can also be formed in other fluorocarbon plasmas through electron impact dissociation of C 3 F 8 or a reactive collision of CF 3 radicals or CF 4 and CF 2 either in the gas-phase or on a surface. The identification of C 2 F 6 in the infrared spectra is complicated by overlying bands of CF 2 and CF 3 . Hexafluoroethane has three strong fundamental bands visible in the infrared, located at 1251, 1117, and 714 cm À1 . 29 The fundamentals, their assignments, and integrated absorbance cross-sections are listed in Table IV. 6,25 The calculated cross-sections are within 2 to 4% of those calculated in other works. 6 CF 2 has three vibrational modes that are active in the infrared spectrum. Past research has located the symmetric stretch band with a band head at either 1222 or 1225 cm
À1
. The stronger absorbing asymmetric stretch band is reported [30] [31] [32] . There is no stable form of these free radicals. Consequently, different parent molecules and temperatures were used to create the CF 2 and CF 3 radicals. The combination of the infrared absorption of other byproducts and large temperature shifts can account for the difference in band assignments. The overlapping nature of CF 2 , CF 3 , and C 2 F 6 absorption bands can make it very difficult to identify and accurately measure species densities. Processing plasmas traditionally using fluorocarbon feed gases exacerbate this problem because of the relatively low pressures (10-50 mTorr) and unknown radical temperatures. The low pressures and infrared radiation from the source decrease the signal-to-noise ratio, making it difficult to use weak bands for identification. Thus, it becomes imperative to have some knowledge of the radical temperature and corresponding band profiles in order to accurately distinguish between the species. Table II.   TABLE III . Band assignments and integrated absorption cross-sections for C 3 F 8 taken at room temperature. Integrated cross-sections were also taken for 200 C. These values were within 5% of those listed here. Bands at 1211 cm À1 and 1179 cm À1 were combined for the cross-section provided. C gas temperatures, highlighting the C-C Asymmetric stretch band shift with temperature. Capital letter band structure designations can be found in Table III. The peak of the asymmetric stretching band of C 2 F 6 (Fig. 7) can be used to estimate the temperature of the species.
The standard deviation of the residual and the resolution error create a minimum error of 622 K. As can be seen in Fig. 8 , the Q branch of the symmetric stretching band at 1117 cm -1 decreases significantly as temperature increases. However, the shift of the branch maximum is not sufficient to estimate the temperature with a meaningful error. More work is needed to demonstrate the band profile changes of CF 2 and CF 3 radicals with increasing temperature.
E. C 2 F 4
Tetrafluoroethylene (C 2 F 4 ), while mainly used in the production of polytetrafluoroethylene, 39 is a product in many fluorocarbon plasmas. 40 In addition, it is being investigated as a possible alternative to saturated perfluoro-compounds in plasma etching systems. 39 Tetrafluoroethylene has two strongly absorbing fundamental bands in the infrared spectrum. The asymmetric and symmetric CF 2 stretch vibrations absorb at 1337 and 1186 cm À1 , respectively (Fig. 9) . 29 The integrated absorbance cross-sections, tabulated in Table V , are within 0.3% of the cross-sections presented by Drage et al. 41 Both bands can be easily obscured by significant amounts of C 3 F 6 , C 3 F 8 , or c-C 4 F 8 . However, a set of isolated combination bands at 3208 and 3058 cm À1 can also be used to identify the presence of C 2 F 4 if there is sufficient SNR. As seen in Figs. 2 and 3 , the only other fluorocarbon absorption in this range is from C 3 F 6 .
Temperature can be determined from the R branch of the asymmetric stretch band (1337 cm
À1
). However, because of the large amount of absorption from other species, accurate temperature analysis can only be undertaken after other species have been removed from the spectrum. Eq. (13) describes how the location of the R branch maximum can be used to obtain the temperature of the species.
The standard deviation of the residual and the instrument error give an uncertainty of 611 K
The infrared absorbance spectrum of tetrafluoromethane (CF 4 ) has been the subject of numerous studies due to its potency as a greenhouse gas and its prevalence in manufacturing as a low-temperature refrigerant and plasma etchant. Despite the abundant research devoted to the infrared spectra, results for the integrated absorbance cross-section of CF 4 vary by up to 50%. 7, 25, [42] [43] [44] [45] [46] [47] [48] In contrast, for the other gases presented in this article, the reported absorbance cross-sections rarely vary more than 5% among authors. Five percent variation is expected due to a combination of instrument and measurement errors. Little explanation has been provided for the unexpected range of values in literature for CF 4 . One recent paper suggests that some of the researchers underestimate the cross-section of the t 3 absorption band because of saturation of the Q branch. 49 The aberrations on the other side of the data were explained as an underestimation of the CF 4 concentration in the gas mixture. In order to resolve the experimental , respectively, only the t 3 transition is active in the IR region available to the MCT A detector used in the present study. Figure 10 shows the absorption of the t 3 and the 2t 4 transitions for 25 and 200 C gas temperatures, taken at 2 mTorr with a 325 cm path length. A number of factors complicate the absorption of this peak. The Q branch is extremely sharp, causing it to be highly affected by pressure broadening, as well as prone to saturation for the pressures and path lengths commonly used in plasmas. In addition, the Q branch is perturbed by both Fermi resonance and a possible Coriolis interaction 50 with the 2t 4 and 3t 2 overtones. Finally, strong hot bands appear superimposed over the P branch arising from t 3 þnt 2 -nt 2 transitions. 50 While these characteristics serve to make this structure immediately recognizable in almost any concentration, they complicate the calculation of absolute density measurements taken from the integrated absorption intensity. Figures 11 and 12 show the integrated absorbance for the Q branches and the entire t 3 transition as a function of the density and path length (n*l). A t 3 cross-section of 2.29 Â 10 À16 cm/molecule loosely fits the lowest densities and pathlengths. This cross-section is in agreement with the largest cross-sections found in literature. As the product of density and path length increases, the cross-section monotonically decreases, allowing for the range of values found by other researchers. A clear dependence on n*l is consistent with saturation of the IR signal. However, nonlinearity appears well before the Q branch begins to absorb more than 80% (the absorbance where other species begin to show nonlinear saturation effects) of the signal. Other authors have attributed the early onset of this nonlinearity to the sharpness of the Q branch coupled with resolution limititations. 10 However, Fig. 12 also shows the difference between the t 3 and the Q 0 and Q 1 branches, which display the same nonlinearity. In addition, the shape of the absorption cross-section is shifted with the n*l product. This effect is shown in Fig. 13 as the cross-section changes for all of the branches of the t 3 transition even when the transmittance exceeds 80%. Figure 13 also shows the shape of the R branch shifting as a function of the product of density and pathlength.
These combined observations indicate that the linear version of Beer's law cannot be applied under conditions useful for absolute density measurements in processing plasmas. The results also cast doubt on the validity of the translational temperature measurement of CF 4 based on the relative absorbance of the hot bands. Further work is needed at a higher resolution to examine the source of the nonlinearity. In order to obtain absolute density measurements of CF 4 , the authors have taken a wide range of measurements as a function of the gas temperature and the density and path length product. After measuring the temperature of other gases in the system, the absorbance profile can be fitted to one of these measurements, providing a density with relavent error bars. 
VI. CONCLUSION
The infrared spectra for the most common stable species present in fluorocarbon plasma systems have been presented. A method for identifying species, as well as determining densities and temperatures within appropriate error limits has been presented. These results have been limited to a maximum temperature of 200 C in a temperature-averaged system. The results have shown that in this temperature range (for all species except CF 4 ) there are significant changes in the absorption profiles, but only trivial changes in the integrated absorbance cross-sections of the various vibrational-rotational bands. Further work is needed to expand the temperature range of these species, as well as explore the temperature variation of the infrared absorption of free radical species such as CF, CF 2 , and CF 3 . 
